ABSTRACT
INTRODUCTION
Coarctation of the aorta (CoA) remains one of the most difficult and challenging diagnoses to make with confidence during fetal life due to patency of the arterial duct and the parallel nature of the fetal circulation. Diagnosis has been inferred based on measurement of the relative size of the left and right heart structures, as well as the great arteries [1] [2] [3] [4] [5] [6] . A central question on the development of CoA is the mechanism by which asymmetry of left and right heart structures might arise. Changes in left ventricular (LV) myocardial function have been observed in children and adults with CoA, even when repaired without residual gradients and in the absence of hypertension. Even children who underwent coarctation repair at a young age have been found to have abnormal LV diastolic mechanics consistent with an impairment of active myocardial relaxation [7] [8] [9] [10] . Echocardiographic interrogation of myocardial function has advanced significantly due to the availability of newer imaging modalities. Speckle tracking is a recent development based on the tracking of unique speckle patterns or 'kernels' in the myocardium throughout the cardiac cycle and has the potential to provide new insights in understanding fetal heart function in specific disease states. Analysis is based on standard grayscale images that are obtained as a routine part of fetal cardiac assessment. In contrast to tissue Doppler assessment, two-dimensional (2D) speckle tracking is a non-Doppler technology based on offline 2D image analysis that tracks the moving image, frame by frame, to allow assessment of myocardial deformation 11 . Major attractions of this technique for imaging of the fetal heart are its lack of angle dependence, ease of acquisition, rapid postprocessing and the ability to assess both systolic and diastolic deformation 12 . We present a retrospective study using speckle tracking to assess both systolic and diastolic ventricular deformation in fetuses with CoA confirmed after birth.
Findings were compared with gestational age-matched normal controls. We hypothesized that systolic and diastolic deformation measured by speckle tracking would be different between the two groups and might contribute to the observed prenatal sonographic features of CoA.
SUBJECTS AND METHODS

Study population
This retrospective study was performed at a tertiary referral center for fetal cardiology. Sequential patient selection was conducted from the echocardiographic examinations performed routinely in our center from January 2013 to July 2014. Fetal echocardiography was carried out using a single ultrasound system (Toshiba Aplio 500 ultrasound system, Toshiba Medical Systems, Crawley, UK). Examinations were performed by experienced cardiologists and sonographers at the unit.
Twelve consecutive fetuses with antenatal suspicion of CoA, for which the diagnosis was confirmed by echocardiography after birth, were selected. Coarctation repair was performed during the neonatal period in all cases. Twelve gestational age-matched (± 1 day of gestation) normal controls were selected from the cohort of healthy fetuses examined in our department within the same study period. The study was registered as an audit at our institution and all images were acquired as part of routine clinical assessment.
Speckle-tracking analysis
Videoclips with 2D (B-mode) grayscale images were used for offline analysis. A good quality four-chamber view of the fetal heart was identified for both CoA patients and controls. DICOM images were analyzed using Tomtec 2D Cardiac Performance Analysis© software (Tomtec, Munich, Germany) to measure left and right myocardial deformation. The cardiac cycle was defined by the examiner by selecting two consecutive end-diastolic frames (corresponding with mitral valve closure) so that a single heart cycle was analyzed. No additional techniques, such as dummy electrocardiogram (ECG), were used. Given the retrospective nature of the study, frames were selected on optimal visualization of the endocardial border, irrespective of the orientation of the heart (apex up, apex down or transverse). Fetal heart rate was calculated from the beat-to-beat time intervals and recorded automatically for each fetus. The software analyzed the image at the standard DICOM frame rate of 30 frames per second (fps).
Mitral and tricuspid valve diameters and LV and right ventricular (RV) length were measured manually at end diastole on the grayscale image. The LV endocardial border was defined manually at end diastole and tracked automatically through the cardiac cycle by the software. Adequacy of tracking was assessed visually. The software segmented automatically the left ventricle into six equidistant segments (basal septal, mid septal, apical septal, apical lateral, mid lateral, septal lateral) and provided segmental and global analyses of deformation parameters. Global longitudinal strain, strain rate and velocities, and regional longitudinal strain were measured. We did not attempt to measure radial strain, due to the thin fetal myocardium, nor circumferential strain, due to the non-availability of a consistent short-axis view of the left ventricle. The software tracked the endocardial and epicardial borders of the myocardium allowing estimation of LV mass, and tracking of the LV endocardium permitted calculation of the LV end-diastolic volume, end-systolic volume and ejection fraction (Figure 1 ). The same technique was used to assess RV deformation. The whole RV endocardial border was defined manually at end diastole and tracked automatically by the software. Only the data recorded from the free wall (including apical lateral, mid lateral and septal lateral segments) were analyzed to provide segmental and global deformation parameters. RV geometry does not permit accurate calculation of RV mass, volume or ejection fraction using the software package.
Two separate observers performed LV analysis using the same cardiac cycle and a different cardiac cycle to calculate the degree of intra-and interobserver variability. Fetuses with CoA had cardiac asymmetry of both ventricles and great arteries compared with the control group, and thus it was not possible to blind the observers. However, once the endocardial and epicardial points were selected by the operator, the calculation of deformation was automated and the operator was not in a position to alter or have an impact on the results.
Statistical analysis
Study variables were summarized as median (range). Data were analyzed using Stata v13 software (StataCorp, College Station, TX, USA). Comparison between fetuses with CoA and gestational age-matched healthy fetuses was made after assessing normality via inspection of univariate statistics (mean, median, SD, skewness and kurtosis). Intergroup comparisons were performed using unpaired t-test, with post-hoc adjustment of P-values using theŠidák correction, to account for multiple testing. An adjusted P-value less than 0.05 was considered statistically significant. To assess intraobserver variability, nine random CoA cases and nine random normal controls were analyzed on two separate occasions by the same operator. To assess interobserver variability, nine random CoA cases and nine random normal controls were analyzed by two different operators. Intraclass correlation coefficient (ICC) was assessed. We considered an ICC > 0.80 as excellent, 0.60-0.80 as good, 0.40-0.60 as moderate and ICC < 0.40 as poor.
RESULTS
Twelve fetuses with CoA and 12 gestational age-matched controls were studied at a median gestational age of 25 + 4 weeks (range, 19 + 1 to 33+ 1 weeks). Echocardiographic findings are shown in Table 1 . There were no significant differences in the acquisition frame rate between fetuses with CoA and the age-matched controls (54 vs 60 fps, P = 0.31). Fetal heart rate was slightly higher (139 vs 129 bpm, P = 0.01), LV end-diastolic volume was lower (0.35 vs 1.05 mL, P = 0.002) and the left ventricle was narrower (mitral valve diameter, 5.90 vs 8.50 mm, P = 0.002) in the CoA group than in controls. There was a trend towards a shorter left ventricle in CoA fetuses compared with controls (median LV diastolic length, 16.50 vs 18.50 mm, P = 0.05) ( Table 1) .
Left ventricular myocardial deformation
Global longitudinal strain, strain rate and velocity of the left ventricle are presented in Table 2 . Global longitudinal strain was significantly lower in fetuses with CoA compared with controls (−10.10% vs −16.70%, P = 0.004), with no statistical difference for time to peak systolic strain. Both systolic and diastolic global peak longitudinal strain rates were significantly lower in fetuses with CoA than in controls (systolic: −0.93 vs −1.43/s, P = 0.01; diastolic: 0.92 vs 1.52/s, P = 0.004). The diastolic strain rate was monophasic, and biphasic filling could not be demonstrated. Both systolic and diastolic global longitudinal velocities were lower in fetuses with CoA than in controls (systolic: 0.68 vs 1.01 cm/s, P = 0.03; diastolic: −0.66 vs −1.13 cm/s, P = 0.01). The time to peak systolic and diastolic strain rate and velocity did not differ between the groups.
Left ventricular regional deformation
Longitudinal strain of the septum and LV free wall were both significantly lower in fetuses with CoA when compared with controls (septum: −9.08% vs −14.55%, P = 0.01; free wall: −15.12% vs −21.17%, P = 0.01; Table 3 ). Analysis of the six LV segments showed that the difference in septal strain was due almost entirely to the apical septal region. The difference between fetuses with CoA and controls for strain of the LV free wall was more uniform, with the basal lateral segment being significantly different between the two groups and the mid lateral and apical lateral segments approaching statistical significance.
Right ventricular myocardial deformation
Global longitudinal strain, strain rate and velocity of the right ventricle are presented in Table 4 . There were no differences in deformation parameters of the right ventricle between fetuses with CoA and controls.
Inter-and intraobserver variability for left ventricular deformation parameters
ICCs for intra-and interobserver variability are presented in Table 5 . When the same cardiac cycle was analyzed, the intraobserver ICC was excellent or good for all variables. When the same cardiac cycle was analyzed by different observers, the interobserver ICC was lower for all variables but remained at least moderate. When a different cardiac cycle was analyzed by the same or a different observer, the ICC was poor for measurement of time to peak strain and average diastolic strain rate. The ICC was moderate to good for all other variables when different cardiac cycles were analyzed.
DISCUSSION
The feasibility of myocardial speckle tracking in the fetus has been reported previously 11, [13] [14] [15] [16] [17] . Such analysis is not currently part of standard fetal echocardiography but it has been applied to different forms of congenital heart disease during fetal life 13, 17 . Previous reports of prenatal diagnosis of CoA have relied on measurement of the relative size of the great arteries and/or ventricles as a feature of an affected fetus 1, [4] [5] [6] . The etiology of the observed left-to-right heart asymmetry during fetal life has remained unexplained. Our study was undertaken to investigate whether abnormal myocardial deformation plays a role in the development of cardiac asymmetry and contributes to development of CoA. The results show that, although the speckle tracking technique we employed was semi-automated, variability of results was higher when a different observer was used or when a different cardiac cycle was analyzed (Table 5 ). Fetuses with CoA had lower LV global longitudinal systolic strain and strain rate compared with gestational age-matched controls. With respect to diastolic deformation, peak LV global diastolic strain rate and myocardial velocity were lower in fetuses with CoA than in controls. Furthermore, the regional differences in deformation appeared most marked for the LV free wall, and analysis of the RV free wall showed no significant differences between affected fetuses and controls. There are a number of possible explanations for the observed differences. An impairment of LV diastolic filling might account for reduced flow through the left heart structures, including the mitral valve, left ventricle and aorta, leading to their underdevelopment. Experimental models in fetal lambs have shown that obstruction of mitral valve inflow caused a decreased LV mass and decreased LV : RV chamber volume ratio 18 . It might be postulated that conditions with abnormal ventricular loading alone may be responsible for the differences in strain and strain rate that we observed, given that strain is dependent on preload 19 . However, previous histological studies have shown that hearts with 'borderline' adequacy of their left-sided structures have different histopathology from the normal heart. In such cases, abnormal differentiation of the myocardium has been reported 20 . Sarcomere expressions of troponin I in the left and right ventricles and N-cadherin and connexin 43 in intercalated disks were reduced in severely hypoplastic left hearts and also in the majority of hearts with a borderline left ventricle 20 . Recent fetal cardiac magnetic resonance data lend support to there being a myocardial component to the impairment of ventricular filling 21 . Maternal hyperoxygenation in a late-gestation fetus with severe left heart hypoplasia demonstrated a two-fold increase in fetal pulmonary blood flow after a short period of oxygen administration. Despite this increase in pulmonary blood flow, there was no demonstrable increase in LV output and the dominant effect was to reverse the direction of atrial shunting to a left-to-right pattern. These findings suggest that LV diastolic dysfunction plays an important role in impairment of LV filling in affected fetuses 21 . A further confounding issue is that, based on studies on inflow occlusion to the left ventricle, reduction in LV inflow may in itself induce diastolic dysfunction 22 . Thus, abnormal preload per se may impact on myocardial development so that there may exist an interdependency of preload and myocardial function. Finally, in addition to myocardial abnormalities, properties of the aorta, such as stiffness and increased afterload related to small caliber of the aortic arch, may be important and were not investigated in this study. Adults with repaired CoA are known to have abnormal aortic stiffness 7, 23 and impaired endothelial function 24 . There are few previous studies on the application of speckle tracking in fetuses with congenital heart disease, and those published have included only a few cases of CoA 13, 25 . Of these two studies, one included two cases of CoA, in which LV strain was not different when compared with normal controls, although the ratio of LV : RV strain was at the lower end of normal in the CoA cases 13 . The other study included three cases with CoA, of which one had an intact atrial septum (impacting on LV preload), one had intrauterine growth restriction with retrograde aortic flow and all three were assessed after 32 weeks' gestation. In all of the cases, LV strain was normal or high 25 . The differences observed might be due, in part, to the gestational age at the time of assessment and presence of associated abnormalities. However, the impact of using different software is a recognized important factor. Standardization of analysis, including the use of synthetic ultrasound data, is being addressed by the European Society of Cardiovascular Imaging, American Society of Echocardiography and industry to ensure that, as far as possible, results from different systems of analysis may be used interchangeably 26 . The study of prenatal evolution of CoA merits prospective investigation to include comprehensive assessment of blood flow, myocardial function and properties of the aorta. The emergence of fetal cardiac magnetic resonance imaging in addition to echocardiography presents a further opportunity for such analysis 27 . We acknowledge that this was a retrospective study with a number of important limitations. Use of high-quality four-chamber views was consistent as this was a standard view used in our clinical practice. The software analysis used DICOM frame rates of 30 fps rather than native frame rates. Low frame rates can result in tracking failure and, most importantly, underestimation of time-dependent variables such as strain rate and velocity. The use of matched controls with ventricles of similar length was deliberate as exactly the same technique was used for analysis in both the CoA and healthy fetuses. Vendor and method dependency of such results is known to be an issue during both prenatal and postnatal life. Segmental analysis presented in this and previous studies might be inaccurate considering the small size of the fetal heart. We avoided measurement of variables such as radial strain, which measures changes in myocardial wall thickness (1-5 mm) 28, 29 , that challenge the spatial resolution of the technique. Our focus on longitudinal strain has the advantage that the distances being measured by the software are larger. During pregnancy, fetal ECG cannot be recorded easily. In the absence of a fetal ECG, the cardiac cycle was determined manually, which may be prone to error. This study was impossible to blind due to the obvious asymmetry between the two ventricles in fetuses with CoA; however, once reference points have been placed to define the ventricular endocardial border, tracking curves are created automatically by the software system throughout the cardiac cycle and the observer cannot influence the analysis.
In conclusion, fetuses with CoA have lower LV longitudinal systolic strain, and systolic and diastolic strain rates when compared with gestational age-matched control fetuses. These differences in deformation might explain, at least in part, the cardiac asymmetry observed in fetuses with CoA.
